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Preface 


This  Handbook  describes  how  to  use  CRPL  Ionospheric  Predictions 
Based  on  Numerical  Methods  of  Mapping,  (formerly  CRPL- D  series) 
first  appearing  in  the  January  19  63  issue.  Previous  predictions  were 
prepared  by  manual  methods  and  designed  primarily  for  graphical  solu¬ 
tion  of  high  frequency  propagation  problems.  The  current  version  is 
prepared  by  numerical  mapping  methods  using  an  electronic  computer, 
and  the  predictions  are  presented  in  two  forms,  giving  the  user  the 
choice  of  either  computer  or  graphical  methods.  Those  having  access 
to  a  modern  electronic  computer  derive  maximum  benefits  from  the 
prediction  system  described  here.  However,  even  when  a  computer 
cannot  be  used,  the  current  prediction  maps  provide  more  information 
than  the  earlier  zone  prediction  charts. 

Requirements  for  high  frequency  radio  communication  services  are 
constantly  increasing.  Although  other  communication  systems,  such  as 
satellites,  can  be  expected  to  carry  a  larger  proportion  of  the  world's 
communications,  efficient  utilization  of  the  high  frequency  spectrum  will 
continue  to  be  necessary  for  the  foreseeable  future.  The  CRPL  iono¬ 
spheric  predictions  provide  useful  tools  for  effective  frequency  allocation, 
for  efficient  use  of  assigned  frequencies,  and  for  developing  specifications 
for  engineering  design  of  high  frequency  communications  equipment  and 
circuits. 

The  predictions  described  here  are  prepared  by  the  Central  Radio 
Propagation  Laboratory  of  the  National  Bureau  of  Standards  as  part  of 
its  continuing  responsibility  for  improvement  of  radio  communications 
by  research  on  the  propagation  of  radio  waves.  The  methods  and  applica¬ 
tions  of  ionospheric  mapping  and  predictions  by  means  of  numerical  analy¬ 
sis  and  high  speed  computers  were  developed  by  R.  M.  Gallet  and  W.  B. 
Jones.  These  methods  are  applicable  to  a  wide  variety  of  problems 
where  mapping  of  physical  variations  is  required.  Miss  M.  PoKempner 
participated  in  the  large  scale  application  of  the  numerical  mapping 
method  to  ionospheric  characteristics  and  was  responsible  for  the 
organization  of  the  procedures  used  in  the  new  series  of  ionospheric 
predictions.  G.  W.  Haydon  and  D.  L.  Lucas  have  been  responsible  for 
making  use  of  the  new  methods  directly  in  a  number  of  computer  appli¬ 
cations  to  high  frequency  communication  problems.  Many  other  staff 
members  contributed  to  this  work  in  various  ways. 


A.  V.  Astin,  Director 
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Handbook  for  CRPL 
Ionospheric  Predictions 
Based  on 

Numerical  Methods  of  Mapping 

S.  M.  Ost  row 

Central  Radio  Propagation  Laboratory  Ionospheric 
Predictions  Based  on  Numerical  Methods  of  Mapping 
(formerly  CRPL-D  series),  is  described.  The 
Gallet-  Jones  method  of  numerical  mapping,  which 
is  the  basis  of  these  predictions,  is  briefly  described. 
Use  of  an  electronic  computer  for  applying  the  pre¬ 
dictions  is  recommended.  Graphical  F2- layer  predic¬ 
tion  maps,  derived  from  the  numerical  predictions, 
are  described  in  detail.  Instructions  and  auxiliary 
material  are  provided  for  applying  the  graphical  map 
predictions  by  manual  methods.  Some  limitations  of 
the  predictions  and  aspects  of  ionospheric  radio  propa¬ 
gation  are  discussed  briefly. 
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1.  INTRODUCTION 


This  handbook  is  for  use  with  the  Central  Radio  Propagation 
Laboratory  Ionospheric  Predictions  successor  to  CR  PL  Series  D„ 

It  provides  instructions  and  supplementary  material  for  use  with  the  pre¬ 
dictions  and  replaces  National  Bureau  of  Standards  Circular  465,  "Instruc¬ 
tions  for  the  Use  of  the  Basic  Radio  Propagation  Predictions,"  issued 
August  27,  1947.  NBS  Circular  465  described  methods  for  using  graphical 
predictions  developed  during  World  War  II.  The  new  predictions  prepared 
by  numerical  analysis  methods  using  an  electronic  computer  have  an 
entirely  different  approach  providing  more  information  in  a  form  readily 
adaptable  to  the  specific  requirements  of  each  user.  The  first  number 
of  the  new  CRPL  predictions  is  the  January  1963  issue.  CRPL-D220, 
issued  December  1962,  is  the  last  of  the  old  CRPL  Series  D. 

The  basic  form  of  the  F2-layer  predictions  in  the  new  series  is 
a  table  of  numerical  coefficients  defining  a  function  which  represents  the 
world-wide  and  diurnal  variations  of  an  ionospheric  characteristic.  This 
function,  referred  to  as  the  "numerical  map"  of  the  characteristic,  has 
the  form  of  a  finite  series  of  simple  terms  consisting  of  elementary 
functions  of  latitude,  longitude  and  time,  each  multiplied  by  the  appropriate 
coefficient  given  in  the  table.  Employing  these  numerical  maps,  an  elec¬ 
tronic  computer  may  be  used  for  all  computations  for  a  particular  problem, 
the  computer  performing  all  the  necessary  calculations.  Additional  factors 
in  propagation  may  be  added  to  the  computer  program  as  required.  The 
computer,  therefore,  makes  possible  the  most  efficient  and  effective 
application  of  these  predictions.  Computer  methods  are  particularly 
useful  for  more  complicated  propagation  problems  and  for  quantity  produc¬ 
tion  of  detailed  predictions  for  large  numbers  of  circuits.  Given  the 
numerical  maps,  a  medium  or  smaLl  size  electronic  computer  is  adequate 
for  many  propagation  problems. 

In  the  new  predictions,  graphical  maps  are  derived  from  the 
predicted  numerical  maps.  They  are  provided  for  use  when  a  com¬ 
puter  is  not  available  or  practical.  While  similar  in  appearance  to 
the  four  zone  time  charts  formerly  appearing  in  the  CRPL-D  series, 
they  are  quite  different  in  type.  They  have  been  designed  for  use 
with  the  same  type  of  graphical  operations  as  were  used  with  the 
older  form  of  prediction  charts.  Two  of  the  new  prediction  maps 
appear  on  a  page  in  order  to  keep  each  issue  to  a  reasonable  size 
while  presenting  as  complete  a  set  of  graphical  maps  as  possible. 
Although  greater  precision  is  obtained  with  a  computer,  the  precision 
afforded  by  the  graphical  maps  is  in  ac cordance  with  the  accuracy 
of  the  prediction  process. 
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A  new  feature  is  the  polar  gnomonic  presentation  of  the  predic¬ 
tions  for  0000  and  1200  GMT  (orUT).  Space  does  not  permit  inclusion 
of  a  complete  set  of  polar  maps  in  the  monthly  predictions.  However, 
polar  maps  for  other  hours  can  be  obtained  by  special  arrangement.  The 
outlines  of  the  land  masses  on  the  polar  maps  and  the  modified  cylindrical 
projection  world  map  are  approximate  and  intended  only  as  a  guide.  The 
latitude  and  longitude  scales,  rather  than  the  land  mass  outlines,  should 
be  used  for  locating  positions  on  the  earth's  surface. 

Definitions  and  usage  of  "MUF"  (maximum  usable  frequency)  in 
this  handbook  follow  the  recommendations  of  the  International  Radio 
Consultative  Committee  (C0C0I„R.)  [l.T.U,,  1959  ]  .  Other  symbols 

and  terminology  follow  the  recommendations  of  the  World-Wide  Soundings 
Committee,  U.R,S«I.  [Piggott  and  Rawer,  1961] 

Maps  of  observed  ionospheric  data  for  selected  time  periods  will 
be  prepared  in  the  same  numerical  and  graphical  forms  as  the  predictions, 
and  may  be  obtained  by  special  arrangement. 

Comments  or  suggestions  on  the  new  series  of  predictions 
and  on  these  instructions  are  most  welcome,  particularly  reports  on 
experience  in  use  of  the  predictions. 


2.  NUMERICAL  MAPS  AND  THEIR  APPLICATION 

The  predictions  in  the  new  form  of  the  Bureau's  CRPL  Iono¬ 
spheric  Predictions  are  based  on  the  numerical  methods  of  mapping 
developed  by  R,  M.  Gallet  and  W.  B.  Jones  [Jones  and  Gallet,  1962a, 
1962b]  .  The  tables  of  coefficients  defining  numerical  maps  of  foF2  and 
F2-M3000,  Tables  1  and  2,  provide  the  basic  input  data  from  which,  with 
appropriate  auxiliary  information,  predictions  for  any  application  may 
be  derived  by  use  of  a  computer.  Since  the  specific  requirements  of 
different  organizations  and  individuals  are  quite  varied,  and  since  there 
are  many  different  computer  systems  in  use,  it  is  impractical  to  present 
detailed  programming  instructions  for  use  of  the  tables  of  numerical  map 
coefficients  in  this  handbook.  In  this  section,  the  nature  and  meaning  of 
the  numerical  map  coefficients  will  be  indicated.  The  papers  [Jones  and 
Gallet,  1962a,  1962b]  should  be  consulted  before  attempting  to  prepare 
a  computer  program  for  use  of  the  coefficients. 

In  addition  to  the  F2 -layer  numerical  maps  described  in  this  section, 
information  on  regular  E-  and  Fl-layer  MUF  should  be  included  in  a 
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computer  program  for  use  of  the  predictions  in  high  frequency  radio 
communication.  Information  on  these  and  other  aspects  of  ionospheric 
radio  propagation,  and  assistance  on  computer  programs  for  specific 
propagation  problems  may  be  obtained  by  writing  to  the  Central  Radio 
Propagation  Laboratory.  Predicted  numerical  map  coefficients  for  the 
F2  layer  in  the  form  of  a  tested  set  of  IBM  punched  cards  or  listings 
may  be  obtained  by  special  arrangement. 

The  term  "numerical  map,"  is  used  to  denote  a  function,  F(X)0)  t), 
of  three  variables  (  latitude  (  X  ),  longitude  (  0  )  and  time  (  t  ))which 
represents,  in  our  case,  the  world-wide  geographic  and  diurnal  variations 
of  an  ionospheric  characteristic.  The  definitions  and  ranges  of  the  independ¬ 
ent  variables  are: 

X  =  geographic  latitude,  -90o=X^90°  (2.1) 

0  -  geographic  longitude,  0°  =  0  =  360°  (2. 2) 

(  0  in  degrees  east  of  Greenwich) 

t  =  local  mean  hour  angle:  -180°  =  t  =  180°  (2.3) 

t  =  (15h  -  180°  ),  where  h  =  local  mean  time  (LMT) 
in  hours  . 

Universal  time  (UT)  may  be  introduced  by  the  relation, 

T  =  t-  0,  -180°  =  T=  180°  l?  4\ 


where  T  is  the  Greenwich  hour  angle. 

The  general  form  of  f(X,  0,  t)  is  the  Fourier  time  series, 


r ( X ,  0,  t)  =  Q0(X,  0)  +  S ( a :  (X,  0)  cos  jt  +  b(X,0)  sin  jt) 


J=i  J 


(2.  5) 


where  H  denotes  the  number  of  harmonics  retained  to  represent  the 
diurnal  variation.  The  Fourier  coefficients,  a  j  ( X ,  0 )  and  b j  ( X, 0) , 

which  vary  with  the  geographic  coordinates,  are  represented  by  series 
of  the  form 

2DskGk(X,0)  (2.6) 

k=0 
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where  the  Gk(X,0)  are  given  in  Table  3.  The  index  s  denotes  which 
Fourier  coefficient  is  represented,  in  the  order  given  by 


s=  2  j  for  aj(X,0),  j  =  0,  1  , _ ,  H 

s  =  2j-l  for  bj(X,0),  j=l,2, - ,  H  (2.7) 


A  numerical  map,  F(X,  0,  t)  is  completely  defined  by  a  relatively 
small  table  of  coefficients,  Dsk  .  Table  1  presents  the  coefficients 
defining  the  function  F(X,  0,  t)  for  monthly  median  foF2  observed  for 
December  1958.  Table  2  presents  the  coefficients  for  monthly  median 
F2-M3000  observed  for  December  1958.  The  graphical  maps  of  Figures 
1  to  12  and  1  5  to  18  were  derived  from  these  coefficients.  Thus,  these 
examples  were  made  using  coefficients  derived  directly  from  observed 
data,  rather  than  predicted  coefficients. 

It  is  important  that  all  coefficients  be  used  in  computing  values 
of  the  function  F(X,  t).  Since  the  functions  Gk(X,0)  are  not  orthonormal 
relative  to  the  coordinates  (X-,0^)  of  the  ionosphere  stations  providing 
the  basic  data,  a  correct  lower  degree  approximation  to  F(X,0,  t)  cannot 
be  obtained  by  dropping  higher  order  terms  of  the  series  (2.6)  [  Jones 
and  Gallet,  1962a,  1962b]. 


3.  GRAPHICAL  PREDICTION  MAPS 

The  graphical  prediction  maps  of  the  new  CRPL  series  were 
derived  from  the  predicted  numerical  maps  described  in  Section  2  [Jones 
and  Gallet,  1962b]  .  The  contours  of  F2-Zero-MUF  and  F2-4000-MUF 
were  calculated  by  computer  and  plotted  on  the  base  maps.  It  is  impor¬ 
tant  to  keep  in  mind  the  distinction  between  these  prediction  maps  and  the 
charts  of  the  earlier  type  of  prediction.  These  prediction  maps  are  world 
maps  with  contours  of  the  predicted  parameter  drawn  on  the  reference 
grid  of  latitude  and  longitude,  each  map  representing  the  variations  of 
the  parameter  over  the  world  at  a  given  hour  of  Universal  Time  (UT). 
The  former  zone  charts,  although  looking  like  maps,  were  time  charts 
with  contours  of  the  predicted  parameter  drawn  on  a  reference  grid  of 
latitude  and  local  time  (LT),  each  chart  representing  the  average  diurnal 
variation  of  the  parameter  within  the  zone. 

The  graphical  prediction  maps  give  ,  for  each  even  hour  of 
Universal  Time  (GMT  or  UT),  values  of  predicted  F2-Zero-MUF 
and  predicted  F2-4000-MUF.  Figures  1  to  12  are  maps  of  these  character- 
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istics  for  December  1958.  The  F2-Zero-MUF  and  F2-4000-MUF  maps 
for  the  same  hour  appear  on  the  same  page.  The  values  predicted 
are  monthly  medians.  It  should  be  remembered  that  there  is  consid¬ 
erable  day-to-day  variation  about  the  monthly  medians,  especially  on 
disturbed  days.  Areas  in  or  near  the  auroral  zone  are  particularly 
affected  by  ionospheric  disturbance. 

The  gnomonic  maps,  centered  on  the  pole,  present  the  same 
predictions  from  30°  latitude  to  the  pole,  for  0000  and  1200  hours 
Universal  Time.  These  present  a  less  distorted  picture  of  the  shape  of 
the  contours  in  polar  areas.  Figures  15  to  18  show  maps  for  the  north 
and  south  polar  regions  for  December  1958  made  from  the  same  data  as 
the  world  maps  for  the  corresponding  time. 

Regular  E-layer  predictions  will  no  longer  appear  in  the 
monthly  predictions.  Instead,  E-layer  2000-MUF  predictions  are 
obtained  by  use  of  the  nomogram  of  Figure  22,  together  with  the 
appropriate  monthly  chart  of  solar  zenith  angle,  Figures  2  3  through 
34.  The  E-MUF  for  shorter  distances  is  obtained  from  the  nomogram 
of  Figure  40. 

Fl-layer  ionization  depends  upon  solar  zenith  angle  in  much  the 
same  way  as  E-layer  ionization.  Therefore,  Fl-layer  maximum  usable 
frequencies  are  approximated  by  a  distance  extension  of  the  nomogram 
of  Figure  40. 

Sporadic-E  predictions  are  not  included  in  the  new  version  of  the 
CRPL  s  er  ies.  Numerical  maps  of  sporadic-E  data  are  being  prepared. 
When  completed,  sporadic-E  predictions  will  be  issued  in  forms  compati¬ 
ble  with  the  F2 -layer  predictions.  Until  these  are  available,  sporadic-E 
prediction  charts  of  the  CRPL-D  series  issued  before  January  1963  may 
be  used,  selecting  the  correct  month  from  the  more  recent  issues  if  Es 
propagation  predictions  are  required. 

The  graphical  prediction  maps  are  prepared  using  Universal 
Time  (UT),  defined  as  the  local  mean  time  at  the  Greenwich  (zero 
longitude )  meridian.  Therefore,  if  local  or  standard  time  is  desired, 
transformation  must  be  made  after  the  prediction  calculations  are 
completed. 
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4.  SOME  NOTES  ON  IONOSPHERIC  RADIO  PROPAGATION 


Since  ionospheric  radio  propagation  is  very  complex  and  this 
handbook  assumes  a  simplified  theory,  it  is  necessary  to  call  attention  to 
limitations  of  the  predictions  and  to  other  complicating  factors.  More 
detailed  discussion  of  these  and  other  aspects  may  be  found  in  the  publi¬ 
cations  noted  in  the  reference  list.  [Brown,  et  al.,  1963;  Budden,  1961; 
Mitra,  1952;  Ratcliffe,  I960;  Rawer,  1957]  . 

A.  MAXIMUM  USABLE  FREQUENCY  (MUF)  AND  OPTIMUM 
WORKING  FREQUENCY  (FOT) 

The  Maximum  Usable  Frequency  (MUF)  is  defined  as  the  highest 
frequency  for  ionospheric  transmission  over  a  given  path.  The  MUF  will 
vary  as  ionospheric  conditions  over  the  path  change.  The  "classical" 
MUF  is  the  highest  frequency  for  transmission  by  ionospheric  refraction 
alone.  The  "standard"  MUF  is  an  approximation  to  the  "classical"  MUF 
and  is  derived  from  vertical  incidence  ionosphere  observations  by  use 
of  the  standard  international  transmission  curve  or  its  equivalent.  The 
"operational"  MUF  tends  to  exceed  the  "classical"  MUF  as  a  consequence 
of  propagation  path  changes  resulting  from  ground  and/or  ionospheric 
scatter  and  horizontal  ionization  gradients.  Since  the  present  state  of  the 
art  does  not  permit  convenient  inclusion  in  manual  prediction  calculations 
of  many  complications,  such  as  scatter,  on  a  routine  basis,  the  new 
CRPL  predictions  include  only  "standard"  MUF  as  an  approximation 
to  the  "classical"  MUF.  For  longer  distances,  the  two  control  point 
standard  MUF  approximation  is  used,  which  usually  gives  a  higher  value 
than  the  standard  MUF  based  on  a  multi-hop  model  of  the  propagation 
path,  and  corresponds  more  closely  to  operational  experience. 

The  F2  layer  of  the  ionosphere  is  quite  variable,  the  greatest 
deviations  from  "normal"  usually  occurring  during  ionospheric  storms. 
Predictions  of  MUF  are  made  for  the  monthly  median  value,  which  is  the 
value  equalled  or  exceeded  50%  of  the  days  during  the  month  at  a  specified 
time  of  day.  A  fair  practical  approximation  to  the  distribution  of  F2-MUF 
around  the  monthly  median  can  be  made  by  assuming  that  the  percentage 
deviations  are  normally  distributed  around  the  median,  with  values  15% 
above  and  below  the  median  being  exceeded,  respectively,  10%  and  90% 
of  the  days  during  the  month.  The  Optimum  Working  Frequency  (FOT)  is 
defined  as  the  value  of  MUF  equalled  or  exceeded  90%  of  the  days  during 
the  month.  (The  international  abbreviation,  FOT,  is  formed  from  the 
initial  letters  of  the  French  words  for  Optimum  Working  Frequency, 
"Frequence  Optimum  de  Travail".)  The  FOT  for  F2-layer  propagation 
may  therefore  be  estimated  by  multiplying  the  monthly  median  MUF  by 
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0.85.  Since  the  day-to-day  variations  of  E-layer  MUF  and  Fl-layer  MUF 
can  be  considered  negligible  for  operational  use,  the  FOT  for  the  E  and 
FI  layers  is  considered  to  be  the  monthly  median  MUF. 

B.  PROPAGATION  PATHS.  HOPS.  REFLECTION  POINTS 

A  propagation  path  is  a  particular  route  by  which  radio  energy 
may  travel  between  the  transmitting  and  receiving  antennas.  More  than 
one  propagation  path  is  often  possible  for  a  particular  operating  frequency 
and  circuit.  Usually,  the  longer  the  distance  and  the  lower  the  operating 
frequency  below  the  MUF,  the  greater  are  the  number  of  possible  paths. 
Since  the  effective  distance  traveled  by  the  radio  waves  is  different  for 
each  path,  the  signals  arriving  by  the  different  paths  may  interfere  with 
each  other  at  the  receiver.  These  multi-path  effects,  which  cause 
serious  difficulties  for  such  applications  as  high  speed  telegraph  or 
teleprinter  circuits,  can  be  minimized  by  operation  as  close  to  the  MUF 
as  possible.  Operation  at  as  high  a  frequency  as  possible  also  minimizes 
absorption  effects.  Since  antenna  characteristics  of  both  transmitter 
and  receiver  may  discriminate  against,  or  favor,  one  path  over  another, 
suitable  antenna  design  can  help  to  reduce  multi-path  difficulties,  but 
the  variability  of  the  ionosphere  precludes,  in  practice,  their  entire 
elimination  by  this  means. 

A  particular  propagation  path  may  be  pictured  as  consisting  of 
one  or  more  hops,  or  successive  reflections  between  the  ionosphere 
and  ground,  between  the  transmitter  and  receiver.  Depending  on  fre¬ 
quency,  the  length  of  a  hop  and  the  angles  of  departure  and  arrival  are 
determined  by  such  geometrical  considerations  as  the  effective  height  of 
the  reflecting  layer  at  the  point  of  reflection.  In  applying  these  predic¬ 
tions,  it  is  usually  assumed  that  the  ionosphere  is  concentric  with  the 
earth  and  that  propagation  takes  place  along  a  great  circle.  For  average 
heights  of  the  ionospheric  layers,  4,  000  kilometers  is  about  the  maximum 
great  circle  distance  for  one-hop  F2-layer,  for  low  ray  propagation, 
and  2,  000  kilometers  is  about  the  maximum  for  one-hop  E-layer  propa¬ 
gation.  Large  horizontal  gradients  of  ionization  (which  are,  effectively, 
tilts  of  the  ionosphere)  often  exist  and  may  cause  large  deviations  from 
the  simple  model  assuming  a  concentric  ionosphere.  Depending  on  the 
orientation  of  the  path  with  respect  to  these  gradients,  a.  single  F2-layer 
hop  may  vary  from  less  than  3,500  kilometers  to  more  than  10,000 
kilometers,  the  longer  hops  involving  two  or  more  ionospheric  reflec¬ 
tions  without  intermediate  ground  reflection.  The  operational  MUF 
may  vary  markedly  from  the  standard  MUF  under  these  conditions. 
Large  gradients  of  this  type  are  found  regularly  across  the  sunrise- 
sunset  line  and  in  north-south  propagation  across  equatorial  regions. 
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but  occasionally  may  occur  anywhere.  For  applications  where  these 
effects  are  important,  more  basic  ionospheric  data  and  elaborate  calcula¬ 
tions  are  necessary. 

C.  CONTROL  POINTS.  THE  TWO  CONTROL  POINT  METHOD 

As  the  number  of  hops  in  a  single  path  and  the  number  of  possible 
paths  increase,  the  detailed  analysis  of  ionospheric  propagation  for  a 
given  circuit  becomes  impractical  by  manual  methods.  Simplifying 
assumptions,  however,  work  fairly  well  for  most  applications.  In  the 
MUF  calculation  for  distances  up  to  4,  000  kilometers,  one-hop  F2 -layer 
propagation  with  the  point  of  reflection  at  the  mid-point  of  the  path  is 
assumed.  Since  the  characteristics  of  the  ionosphere  at  the  point  of 
reflection  affect  the  MUF,  that  point  is  called  a  "control  point."  Max¬ 
imum  one-hop  E-layer  propagation  distance  is  taken  to  be  2,  000  kilo¬ 
meters.  During  the  day  time,  particularly  in  the  summer  and  during 
periods  of  low  solar  activity,  the  regular  E-Fl-layer  MUF  (for  longer 
distances)  is  often  higher  than  the  F2-MUF. 

For  distances  beyond  4,  000  kilometers,  a  two  control  point  method 
is  used.  This  method  assumes:  (1)  that  there  are  F2 -layer  control  points 
on  the  great  circle  2,  000  kilometers  from  each  terminal  and  E-layer 
control  points  on  the  great  circle  1,  000  kilometers  from  each  terminal; 
(2)  ionospheric  conditions  at  the  control  points  determine  the  frequencies 
that  can  arrive  at  or  leave  the  respective  terminals;  (3)  the  highest 
frequency  which  can  be  propagated  over  the  circuit  (the  MUF)  is  ap¬ 
proximated  by  the  highest  frequency  which  can  arrive  at  or  depart  from 
both  terminals. 

Experience  indicates  that  the  two  control  point  method,  which 
ignores  the  details  of  propagation  between  the  control  points,  provides 
a  useful  approximation  for  ionospheric  effects  which  tend  to  increase 
the  MUF,  (e.  g.  ,  scatter,  ionospheric  tilts,  and  the  high  angle,  or 
Pedersen  ray),  since  this  method  tends  to  make  the  MUF  higher  than  that 
predicted  in  terms  of  an  integral  number  of  hops,  each  less  than  or  equal 
to  the  maximum  distance  for  a  single  hop. 

For  very  long  circuits  it  is  often  advisable  to  consider  propagation 
along  both  the  short  and  the  long  arcs  of  the  great  circle.  When  the 
transmitter  and  receiver  are  almost  antipodal,  propagation  is  often 
observed  over  a  wide  range  of  directions,  not  necessarily  along  the 
great  circle,  varying  with  time  of  day,  season,  and  frequency. 
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For  certain  distances  and  operating  frequencies,  ionospheric 
conditions  may  permit  propagation  by  both  one -hop  and  two-hop  paths. 

If  the  antenna  pattern  or  the  terrain  cut  off  the  low  ray  for  the  one -hop 
path  (a  low  angle  of  take-off),  a  gap  may  be  observed  between  the  frequen¬ 
cies  that  can  be  propagated  by  the  two-hop  path  and  the  high  ray  of  the 
one -hop  path.  This  is  an  exception  to  the  usual  assumption  that  all  frequen¬ 
cies  below  the  MUF  can  be  propagated  along  the  path.  The  regular  E 
layer  and  sporadic  E  may  also,  under  certain  conditions,  cut  off  particular 
propagation  paths  for  frequencies  that  might  otherwise  be  supported  by 
the  F  layer.  For  reasons  such  as  these,  a  detailed  path  analysis  may 
yield  more  satisfactory  results  than  the  two  control  point  method  in 
cases  where  one-,  two-  or  three-hop  paths  are  possible. 

D.  IONOSPHERIC  DISTURBANCE 

The  predictions  described  in  this  handbook  are  for  average  condi¬ 
tions  expected  within  the  month.  At  present,  it  is  not  possible  to  predict 
the  day-to-day  variations  of  the  ionosphere.  However,  the  FOT  methods 
allow  approximately  for  the  normal  variations  expected  during  the  month. 
Larger  departures  from  normal  may  occur  during  ionosphere  storms 
and  may  require  substantial  changes  in  operating  frequency  to  maintain 
communications.  Even  with  these  changes,  operation  is  often  difficult 
or  impossible,  the  difficulties  being  most  severe  for  paths  passing  through 
or  near  the  auroral  zones.  The  CRPL  Radio  Warning  Services  provide 
various  forecasts  of  ionosphere  disturbances,  permitting  operators  to 
clear  urgent  traffic  and  prepare  to  make  the  necessary  frequency  shifts 
to  keep  communication  circuits  in  operation  during  the  disturbance. 

E.  INDEX  OF  SOLAR  ACTIVITY 

A  fundamental  relationship  used  in  radio  propagation  predictions 
is  the  observed  correlation  between  ionospheric  characteristics  and  solar 
activity.  An  important  source  of  error  is  the  uncertainty  in  predictions 
of  solar  activity.  The  smoothed  Zurich  sunspot  number  has  proved  useful 
as  an  index  of  solar  activity  for  ionospheric  variations  and  predictions, 
and  is  still  in  use.  Studies  of  other  indices  of  solar  activity  are  in 
progress.  If  another  index  of  solar  activity  proves  more  useful  than 
the  sunspot  number,  it  will  be  adopted.  A  change  in  index  of  solar  activity 
would  require  no  basic  change  in  the  format  or  application  of  these 
predictions . 
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F.  ABSORPTION.  NOISE.  LOWEST  USEFUL  FREQUENCY 


Although  the  MUF  and  FOT  represent  important  aspects  of  iono¬ 
spheric  radio  propagation  and  for  many  purposes  provide  sufficient 
information,  it  is  also  important  in  many  applications  to  have  estimates 
of  the  power  available  at  the  receiving  antenna  and  of  the  available  signal- 
to-noise  ratio.  To  be  useful,  the  received  signal  level  must  be  suffi¬ 
ciently  above  both  natural  and  man-made  noise.  As  the  operating  frequen¬ 
cy  is  decreased,  the  available  signal  power  normally  decreases  and  the 
noise  power  increases,  resulting  in  a  lower  available  signal-to-nois e 
ratio  until  a  lowest  useful  frequency  (LUF)  results.  Transmitter  power, 
antenna  gain,  and  the  type  and  quality  of  radio  service  required  are 
important  elements  in  determining  the  LUF  of  a  circuit.  Methods  for 
determining  the  LUF  at  various  times  are  described  elsewhere  [Brown, 
et  al.  ,  1963]  .  Consideration  of  the  LUF,  as  well  as  the  MUF  and  FOT, 
is  important  in  design  of  equipment  for  high  frequency  communication 
circuits,  in  frequency  allocations,  and  in  efficient  use  of  assigned 
frequencies . 

G.  CHOICE  OF  OPERATING  FREQUENCIES 

In  general,  frequencies  are  selected  between  the  LUF  and  FOT. 
Best  results  are  usually  obtained  by  operating  as  close  to  the  FOT  as 
possible.  Operation  above  the  FOT  increases  the  probability  of  propagation 
failure  due  to  skipping  (penetration  through  the  ionosphere)  and  operation 
at  too  low  a  frequency  normally  results  in  weak  reception  due  to  excessive 
absorption  and  high  radio  noise  levels.  Because  of  the  diurnal  variation 
of  the  ionosphere,  a  single  frequency  is  usually  insufficient  for  twenty- 
four-hour  operation,  and  two  or  more  frequencies  are  necessary.  Each 
frequency  is  a  compromise  between  the  best  single  frequency  to  use  over 
a  specified  part  of  the  day  for  that  circuit  and  the  requirements  of  other 
services  for  frequencies  in  that  portion  of  the  radio  spectrum.  A  different 
frequency  complement  is  often  necessary  for  different  seasons  and 
different  phases  of  the  solar  activity  cycle.  Propagation  characteristics 
such  as  vertical  angles  and  optimum  frequencies  should  be  considered 
in  antenna  selection.  Best  results  are  often  obtained  when  the  antenna 
is  specifically  designed  for  the  most  favorable  propagation  path  and 
operating  frequency. 
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5.  DETERMINING  GREAT-CIRCLE  DISTANCES  AND 
LOCATING  TRANSMISSION  CONTROL  POINTS 


Figure  13  is  a  map  of  the  world  on  a  modified  cylindrical  pro¬ 
jection  of  the  same  size  and  scale  as  the  maps  appearing  monthly  in  the 
CRPL  predictions.  An  area  10°  in  latitude  by  15°  in  longitude  appears  as 
a  square  with  a  side  of  0.6  cm,  which  has  the  same  proportion  of  latitude 
to  longitude  as  that  recommended  by  the  C.C.I.R,,  The  scale  recommended 
by  the  C„  C.I„R.  is  1  cm  for  10°  latitude  and  15°  longitude.  The  distortion 
in  this  map  is  greatest  at  the  poles.  The  earth  is  assumed  to  be  a  sphere 
of  40,  000  kilometers  circumference,  the  error  being  negligible  in  most 
radio  propagation  problems.  Figure  14  is  a  chart  to  the  same  scale  as 
Figure  13,  indicating  great  circles  on  the  surface  of  the  earth  (solid 
lines).  Because  of  the  symmetry  of  the  sphere,  the  set  of  great  circles 
crossing  the  equator  at  two  points  180°  apart  can  be  used  for  any  great 
circle.  Distances,  in  thousands  of  kilometers,  are  indicated  by  the 
numbered  dot-dash  lines  crossing  the  great  circles,  while  the  intermediate 
dotted  lines  show  500-kilometer  intervals. 

Figures  19  and  20  are,  respectively,  gnomonic  projection  maps 
of  the  north  and  south  polar  areas,  from  latitude  30°  to  the  pole.  The 
plane  of  projection  is  tangent  at  the  pole.  The  distortion  of  these  maps 
is  greatest  at  their  peripheries.  Figure  21  is  a  great-circle  chart 
for  the  polar  gnomonic  projection  maps.  As  in  the  world  map  great- 
circle  chart,  solid  lines  are  great  circles,  distances  in  thousands  of 
kilometers  are  indicated  by  the  numbered  dot-dash  lines,  and  the  dotted 
lines  show  500 -kilometer  intervals. 

The  great  circle  charts  may  be  used  to  obtain  great  circles 
graphically,  measure  distances,  and  determine  the  location  of  "control 
points,  "  proceeding  by  the  following  steps: 

A.  FOR  WORLD  MAPS 

1.  Prepare  a  transparency  by  placing  a  piece  of  transparent 
paper  or  suitable  plastic  over  the  map,  Figure  13.  Draw  the  equatorial 
line  (zero  degrees  latitude),  the  Greenwich  meridian  (zero  degrees 
longitude),  and  any  other  reference  meridians  desired.  (It  is  often  useful 
to  mark  the  reference  meridians  for  the  time  zones  of  the  path  end  points.  ) 
Place  dots  over  the  two  terminal  locations  of  the  transmission  path, 
marking  one  end  A,  and  the  other  end  B. 
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2.  Place  the  transparency  over  the  great  circle  chart,  Figure 
14,  Keeping  the  equatorial  line  of  the  transparency  on  the  equatorial 
line  of  the  great  circle  chart,  slide  the  transparency  horizontally  until 
the  terminal  points,  A  and  B,  fall  either  on  the  same  great  circle  or  are 
at  the  same  proportional  distance  between  adjacent  great  circles. 

3.  The  length  of  transmission  path  is  determined  from  the  dot- 
dash  lines,  numbered  in  thousands  of  kilometers  from  the  center  of  the 
system  of  great  circle  curves,  and  the  intermediate  dotted  curves, 
indicating  500-kilometer  intervals.  Halfway  point  and  "control  points" 
may  be  measured  off  by  the  distance  scale  and  their  position  marked  on 
the  transparency. 

B.  FOR  POLAR  MAPS 

1.  Prepare  a  transparency  by  placing  a  piece  of  transparent 
paper  or  suitable  plastic  over  the  desired  map,  Figure  19  or  20.  Mark 
the  pole  by  drawing  the  Greenwich  meridian  (zero  degrees  longitude), 
the  180p  meridian,  the  90°  E  and  the  90°  W  meridians.  (These  form 
two  straight  lines  intersecting  at  the  pole  at  right  angles.)  Note  that 
Greenwich  meridian  points  down  and  East  longitude  is  read  counter¬ 
clockwise  for  the  North  polar  map,  while  the  Greenwich  meridian  points 
up  and  East  longitude  is  read  clockwise  for  the  South  polar  map.  Any 
other  reference  meridians  desired  may  also  be  drawn. 

2.  Place  dots  over  the  two  terminal  locations  of  the  transmission 
path,  marking  one  end  of  the  path  A  and  the  other  end  B.  Connect  A  and 
B  with  a  straight  line.  (Note:  Any  straight  line  on  a  gnomonic  projection 
is  a  great  circle  on  the  sphere.) 

3.  Place  the  transparency  over  the  great  circle  distance  chart 
for  the  polar  gnomonic  maps,  Figure  21.  Keeping  the  pole  of  the  trans¬ 
parency  over  the  pole  of  the  great  circle  chart,  rotate  the  transparency 
until  the  line  joining  the  terminals  A  and  B  is  parallel  to  the  straight 
lines  (great  circles)  of  the  chart.  The  length  of  the  transmission  path 
is  determined  from  the  dot-dash  curves  numbered  in  thousands  of 
kilometers  and  the  intermediate  dotted  curves  indicating  500-kilometer 
intervals.  Halfway  point  and  "control  points"  may  be  scaled  off  and 
marked  on  the  transparency. 

Examples  of  transmission  paths  are  marked  on  the  maps,  Figures 
35  and  37,  and  are  also  shown  on  the  corresponding  great  circle  charts. 
Figures  36  and  38.  These  paths  are  used  in  the  illustrative  problems 
worked  out  later  in  this  manual. 
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6.  CALCULATION  OF  MUF  AND  FOT  (PROPAGATION  BY 

E-  AND  F  -  LAYERS) 

A.  DISTANCES  UP  TO  4,  000  km  (SHORT  DISTANCES) 


1.  Prepare  a  transparency  for  the  transmission  path  as  described 
in  Section  5,  marking  the  end  points,  great  circle  and  halfway  point. 
Note  the  path  length. 

2.  Place  the  great  circle  transparency  over  each  F2-Zero-MUF 
map,  Figures  1A  to  12A,  taking  care  to  superpose  accurately  the  equator 
and  reference  meridian  lines  on  their  corresponding  lines  on  the  map. 
Read  and  tabulate  the  values  of  F2-Zero-Muf  at  the  halfway  point  for 
each  map. 

3.  In  the  same  way,  read  and  tabulate  F2-4000-MUF  at  the 
halfway  point  for  each  map,  Figures  IB  to  12B. 

4.  Obtain  F2-MUF  for  the  transmission  path  from  the  distance 
interpolation  nomogram,  Figure  39,  by  placing  a  straight  edge  between 
values  of  F2-Zero-MUF  (left  hand  scale)  and  F2-4000-MUF  (right  hand 
scale)  for  the  same  Universal  Time  (UT).  Read  and  tabulate  the  MUF 
at  the  intersection  of  the  straight  edge  with  the  appropriate  vertical 
distance  line,  interpolating  between  the  oblique  lines. 

5.  Select  the  chart  of  the  sun's  zenith  angle  for  the  appropriate 
month,  Figures  2  3  to  34.  Superpose  the  transparency  on  the  zenith  angle 
chart,  carefully  aligning  the  two  equators.  Place  the  Greenwich  meridian 
of  the  transparency  on  the  00  local  time  line  of  the  chart  and,  at  the 
halfv/ay  point,  read  the  sun's  zenith  angle  at  00  UT.  Place  the  Greenwich 
meridian  of  the  transparency  on  the  02  local  time  line  of  the  chart  for 
the  zenith  angle  at  02  UT,  and  so  on  for  each  even  hour  local  time  line, 
to  obtain  and  tabulate  values  of  the  sun's  zenith  angle  for  each  two  hours 
UT.  It  may  prove  convenient  to  use  another  meridian  line  on  the  trans¬ 
parency  for  reference  for  part  of  the  readings,  taking  care  to  make  the 
proper  time  conversion.  For  example,  using  the  180°  meridian  as  refer¬ 
ence,  add  12  hours  to  convert  to  UT  . 

6.  Obtain  the  E-2000-MUF  by  laying  a  straight  edge  across  the 
E-layer  2000-MUF  nomogram,  Figure  22,  between  the  sun's  zenith 
angle  (left  hand  scale)  and  the  predicted  sunspot  number  (right  hand 
scale)  obtained  from  the  monthly  predictions.  The  E-2000-MUF  is 
read  at  the  intersection  of  the  straight  edge  with  the  diagonal  scale. 
Tabulate. 


667310  0  -  62  -3 


13 


7.  Convert  the  E-2000-MUF  to  E-MUF  for  the  transmission 
path  by  the  nomogram  of  Figure  40.  Lay  a  straight  edge  between  the 
E-2000-MUF  (left  hand  scale)  and  the  path  length,  in  kilometers,  (distance, 
right-hand  scale),  reading  the  E-MUF  at  the  intersection  of  the  straight 
edge  with  the  center  scale  of  nomogram.  This  nomogram  includes  a 
factor  for  Fl-propagation  between  2,  000  and  4,  000  kilometers,  and  the 
MUF  values  tabulated  in  this  step  therefore  include  allowance  for  the  Fl- 
MUF.  Tabulate. 

8.  The  MUF  for  the  transmission  path  is  the  higher  of  the  two 
MUF  values,  comparing  the  F2-MUF  obtained  in  step  4  with  the  E-MUF 
obtained  in  step  7.  Tabulate  the  higher  of  the  two. 

9.  Convert  the  F2-MUF  for  the  transmission  path,  from  step 
4,  to  F2-FOT  either  by  multiplying  the  F2-MUF  by  0.  85  or  by  using  the 
conversion  scale  at  the  extreme  right  of  Figure  39.  Tabulate. 

10.  To  obtain  the  FOT,  compare  the  F2-FOT  from  step  9,  with 
the  E-MUF  from  step  7.  The  higher  of  the  two  is  the  FOT  for  the  trans¬ 
mission  path.  (Note:  Because  the  E  and  FI  layers  show  relatively  little 
day-to-day  variation,  for  practical  purposes  the  E-F1-FOT  is  the  same 
as  the  E-F1-MUF,  ) 

Be  DISTANCES  GREATER  THAN  4,  000  km  (LONG  DISTANCES) 

The  following  procedure  is  based  on  the  two  control  point  method. 

1.  Prepare  a  transparency  as  described  in  Section  5,  marking 
the  end  points,  A  and  B,  the  E-layer  control  points,  A1  and  B'  (1,  000  km 
from  their  respective  terminals),  and  the  F2 -layer  control  points.  A" 
and  B"  (2,  000  km  from  their  respective  terminals).  Note  the  distance. 
For  very  long  distances  it  is  often  advisable  to  consider  both  the  "short 
route"  (minor  arc  of  the  great  circle)  and  the  "long  route"  (major  arc). 

2.  Place  the  great  circle  transparency  over  each  F2-4000-MUF 
map,  Figures  IB  to  12B,  superposing  the  equator  and  reference  meridian 
lines  on  the  corresponding  lines  on  the  map.  For  each  F2  control  point, 
A"  and  B",  read  and  tabulate  the  F2-4000-MUF. 

3.  Select  the  chart  of  the  sun's  zenith  angle  for  the  appropriate 
month,  Figures  23  to  34.  Superpose  the  transparency  on  the  zenith 
angle  chart,  aligning  the  two  equators.  In  the  same  manner  as  for  the 
short  path  calculation,  place  the  Greenwich  meridian  of  the  transparency 
on  the  00  local  time  line  of  the  chart.  Read  the  zenith  angle  at  each  E 
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control  point.  A1  and  B',  for  00  UT.  Place  the  Greenwich  meridian  of 
the  transparency  on  the  02  local  time  line  of  the  chart  and  read  the  zenith 
angle  for  02  UT.  Repeat,  displacing  the  transparency  to  superpose  its 
Greenwich  meridian  on  each  even  hour  local  time  line,  tabulating  the  sun's 
zenith  angle  for  each  of  the  E  control  points,  A'  and  B1,  for  each  even 
hour  UT.  It  may  prove  convenient  to  use  another  reference  meridian 
line  on  the  transparency  for  part  of  the  readings,  making  the  proper  time 
conversion,  as  for  short  distances. 

4.  As  for  short  distances,  obtain  the  E-2000-MUF  for  each  E 
control  point  by  laying  a  straight  edge  across  the  E-layer  2000-MUF 
nomogram,  Figure  22,  between  the  sun's  zenith  angle  (left  hand  scale) 
and  the  predicted  sunspot  number  (right  hand  scale)  obtained  from  the 
monthly  predictions .  The  E-2000-MUF  is  read  at  the  intersection 
of  the  straight  edge  with  the  diagonal  scale.  Tabulate  the  E-2000-MUF 
for  each  E  control  point,  A'  and  B'. 

5.  For  each  terminal,  compare  the  F2-4000-MUF  (from  step  2) 
with  the  E-2000-MUF  (from  step  4).  The  MUF  for  a  terminal  is  the 
higher  of  the  two  MUF's  at  its  corresponding  E  and  F  control  points. 
Tabulate  the  MUF  for  terminals  A  and  B. 

6.  The  transmission  path  MUF  is  the  lower  of  the  MUF's  for  the 
two  terminals  A  and  B.  Tabulate. 

7.  Convert  the  F2-4000-MUF  (from  step  2)  to  F2-4000-FOT 
for  each  terminal  either  by  multiplying  by  0.  85  or  by  using  the  conversion 
scale  at  the  extreme  right  of  Figure  39.  Tabulate  for  each  F2  control 
point,  A"  and  B". 

8.  For  each  terminal,  compare  the  F2-4000-FOT  for  F2  control 
points,  A"  and  B",  with  the  E-2000-MUF  for  the  corresponding  E  control 
points,  A'  and  B'.  The  higher  value  of  each  pair  is  the  FOT  for  that 
terminal,  respectively  A  and  B.  Tabulate  the  FOT  for  each  terminal. 
(See  steps  7  and  10  of  the  short  distance  calculation  for  reasons  why  E- 
2000-MUF  is  also  taken  as  E-2000-FOT.  Note  also  that  the  E-2000-MUF 
includes  a  correction  to  take  account  of  Fl-layer  propagation.) 

9.  The  transmission  path  FOT  is  the  lower  of  the  FOT's  for  the 
two  terminals,  A  and  B.  Tabulate. 
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7.  INCLUSION  OF  SPORADIC  •  E  (Es)  PROPAGATION 


The  mechanism  of  sporadic-E  (Es)  propagation  is  not  well  under¬ 
stood.  However,  it  is  known  that  sporadic-E  propagation  is  often  possible 
at  frequencies  above  the  MUF  for  regular  E-  or  F2 -layer  propagation, 
and  should  be  considered  in  predicting  the  MUF  and  FOT. 

Until  the  numerical  map  version  of  Es  predictions  becomes 
available,  it  is  recommended  that  use  be  made  of  a  recent  Es  prediction 
chart  selected  for  the  appropriate  month  from  the  D  series  issued 
before  January  1963.  Instructions  for  the  use  of  these  charts  are  given 
in  NBS  Circular  465,  "Instructions  for  the  Use  of  Basic  Radio  Propagation 
Predictions .  " 


8.  EXAMPLES 

Tables  4,  5  and  6  and  Figures  41,  42  and  43  present  examples  of 
detailed  path  predictions  made  by  reading  the  basic  F2  data  from  the 
sample  maps.  Figures  1  to  12,  and  applying  the  manual  methods  described 
in  this  handbook.  One  short  and  two  long  transmis sion  paths  are  worked 
out.  The  great  circle  transmission  paths  are  marked  both  on  the  world 
map,  Figure  35,  and  the  corresponding  great  circle  chart,  Figure  36. 
Although  not  used  for  the  calculations,  the  same  transmission  paths  are 
shown  on  the  north  polar  area  map,  Figure  37,  and  the  corresponding 
great  circle  chart,  Figure  38.  (The  Buenos  Aires  to  Berne  path  runs 
off  the  edge  of  the  polar  map). 

The  twelve  month  moving  average  Zurich  sunspot  number  for 
December  1958  was  180,  and  was  near  the  maximum  of  the  solar  activity 
cycle.  The  F2  and  E-Fl  MUF  and  FOT  were  worked  out  in  detail  for  the 
examples.  Although  F2 -propagation  was  controlling  at  all  times  in  these 
examples,  E-Fl  propagation  is  often  important,  particularly  in  the 
summer  at  low  solar  activity,  and  should  be  calculated.  The  form  used 
for  tabulating  the  prediction  calculations  may  be  modified  to  suit  the 
problem  at  hand,  e.  g.  ,  additional  columns  may  be  added  to  include  Es 
propagation  and  various  phases  of  LUF  calculations  [Brown,  et  al., 
1962]  . 


The  reader  is  advised  to  carry  out  the  map  reading  and  prediction 
computations  for  these  examples.  Repeated  independent  readings  will 
give  an  idea  of  the  variations  in  judgment  expected  in  reading  the  maps. 


16 


The  predicted  MUF  and  FOT  values  for  these  transmission  paths 
were  found  to  be  in  good  agreement  with  the  more  precise  values  obtained 
by  machine  computation.  Operating  frequencies  should  be  chosen  as 
near  the  FOT  as  possible,  within  the  limitations  of  frequency  assignments. 


Example  1.  Short  Distance.  Table  4,  Figure  41. 

A(  ,  Washington  (39°  N,  78°  W),  to  B[  ,  Ottawa,  (45°  N,  76°  W) 
Distance:  7  50  km 

Predictions  were  read  at  the  halfway  point,  M,  indicateu  on 
Figures  35  and  36. 


Example  2.  Long  Distance.  Table  5,  Figure  42. 

A2  ,  Washington  (39°  N,  78°  W  to  B2  ,  Berne  (47°  N,  7°  E) 
Distance:  6,700  km 

Predictions  were  read  at  the  control  points,  A  '2,  A"2,  B'2, 
and  B"2,  indicated  on  Figures  33  and  36.  This  transmission  path  was 
entirely  in  the  northern  hemisphere. 


Example  3.  Long  Distance.  Table  6,  Figure  43. 

A3  ,  Buenos  Aires  (35°  S,  59°  W),  to  B3  ,  Berne  (47°  N,  7°  E) 
Distance:  11,200  km 

Predictions  were  read  at  the  control  points  A'3,  A"3,  B'3,  and 
B"3,  indicated  on  Figures  35  and  36.  This  transmission  path  crossed 
the  equator. 
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GEOGRAPHIC  LATITUDE  ,  DEGREES 


utctividtK ,  iyo» 
UT  =  00 
LONGITUDE 


FIG.  IA.  MEDIAN  F2  -  ZERO  -  MUF  (  MC/s) 
LONGITUDE 


FIG.  IB.  MEDIAN  F2  -  4000- MUF  (  MC/s) 


GEOGRAPHIC  LATITUDE,  DEGREES 


DECEMBER,  1958 
UT  =  02 
LONGITUDE 


FIG.  2 A.  MEDIAN  F2-ZER0-MUF  (Mc/s) 


LONGITUDE 


FIG.  2B.  MEDIAN  F2-4000-MUF  (Mc/s) 


GEOGRAPHIC  LATITUDE ,  DEGREES 
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UT  =  04 
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LONGITUDE 


FIG.  3B.  MEDIAN  F2-4000-MUF  (Mc/s) 


FIG.  3A.  MEDIAN  F2-ZER0-MUF  (Mc/s) 


GEOGRAPHIC  LATITUDE,  DEGREES 
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DECEMBER,  1958 
UT  =  06 
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FIG.  4A.  MEDIAN  F2-ZER0-MUF  (Mc/s) 
LONGITUDE 


FIG.  4B.  MEDIAN  F2-4000-MUF  (Mc/s) 


GEOGRAPHIC  LATITUDE,  DEGREES 
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FIG.  5A.  MEDIAN  F2-ZER0-MUF  (Mc/s) 
LONGITUDE 


FIG.  5B.  MEDIAN  F2-4000-MUF  (Mc/s) 
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DECEMBER,  1958 
UT  =  10 
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FIG.  6A.  MEDIAN  F2-ZER0-MUF  (Mc/s) 
LONGITUDE 


FIG.  6B.  MEDIAN  F2-4000-MUF  (Mc/s) 
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GEOGRAPHIC  LATITUDE,  DEGREES 
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FIG.  7A  MEDIAN  F2-ZERO-MUF  (Mc/s) 
LONGITUDE 


FIG.  7B.  MEDIAN  F2-4000-MUF  (Mc/s) 


GEOGRAPHIC  LATITUDE,  DEGREES 
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FIG.  8A.  MEDIAN  F2-ZERO-MUF  (Mc/s) 
LONGITUDE 


FIG.  8B.  MEDIAN  F2-4000-MUF  (Mc/s) 


GEOGRAPHIC  LATITUDE,  DEGREES 
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FIG.  9A.  MEDIAN  F2-ZERO-MUF  (Mc/s) 
LONGITUDE 


FIG  9R  MFD  I  AN  F2-4000-MIJF  fMc/s) 


GEOGRAPHIC  LATITUDE,  DEGREES 
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FIG.  IOA  MEDIAN  F2-ZER0-MUF  (Mc/s) 
LONGITUDE 


FIG.  IOB.  MEDIAN  F2-4000-MUF  (Mc/s) 


GEOGRAPHIC  LATITUDE,  DEGREES 
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UT  =  20 
LONGITUDE 


FIG.  IIA.  MEDIAN  F2-ZER0-MUF  (Mc/s) 
LONGITUDE 
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GEOGRAPHIC  LATITUDE,  DEGREES 
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FIG.  I2A.  MEDIAN  F2-ZERO-MUF  (Mc/s) 
LONGITUDE 


FIG.  I2B.  MEDIAN  F2-4000-MUF  (Mc/s) 


(SOLID  LINES  REPRESENT  GREAT  CIRCLES.  NUMBERED  DOT- DASH  LINES 
INDICATE  DISTANCE  IN  THOUSANDS  OF  KILOMETERS.) 
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FIG  I6A .  MEDIAN  F2  -  ZERO  -MUF  (MC/S) 


NORTH  POLAR  AREA 
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FIG.  I7A  MEDIAN  F2-ZERO-MUF  (Mc/s) 


SOUTH  POLAR  AREA 
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FIG.  I8A.  MEDIAN  F2-ZERO-MUF  (Mc/s) 


FIG.  I8B.  MEDIAN  F2-4000-MUF  (Mc/s ) 
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FIG.  19.  NORTH  POLAR  AREA,  GNOMONIC  PROJECTION 
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FIG  20.  SOUTH  POLAR  AREA,  GNOMONIC  PROJECTION 


FIG.  21.  GREAT  CIRCLE  CHART  FOR  POLAR  GNOMONIC  PROJECTION  MAPS 
(SOLID  LINES  REPRESENT  GREAT  CIRCLES.  NUMBERED  DOT  -  DASH  LINES 
INDICATE  DISTANCE  IN  THOUSANDS  OF  KILOMETERS.) 
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FIGURE  22.  NOMOGRAM  FOR  OBTAINING  E-LAYER 
2000- MUF  FROM  12- MONTH  MOVING 
AVERAGE  SUNSPOT  NUMBER  AND  THE 
ZENITH  ANGLE  OF  THE  SUN. 


TWELVE-MONTH  MOVING  AVERAGE  SUNSPOT  NUMBER 
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FIGURE  25.  ZENITH  ANGLE  OF  THE  SUN,  MARCH 
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GEOGRAPHIC  LATITUDE,  DEGREES 
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FIGURE  24.  ZENITH  ANGLE  OF  THE  SUN,  FEBRUARY 
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FIGURE  25.  ZENITH  ANGLE  OF  THE  SUN,  MARCH 
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FIGURE  28.  ZENITH  ANGLE  OF  THE  SUN,  JUNE 


GEOGRAPHIC  LATITUDE,  DEGREES 


GEOGRAPHIC  LATITUDE,  DEGREES 


FIGURE  29.  ZENITH  ANGLE  OF  THE  SUN,  JULY 


FIGURE  30.  ZENITH  ANGLE  OF  THE  SUN,  AUGUST 
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FIGURE  31.  ZENITH  ANGLE  OF  THE  SUN,  SEPTEMBER 
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FIGURE  32.  ZENITH  ANGLE  OF  THE  SUN,  OCTOBER 
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FIGURE  33.  ZENITH  ANGLE  OF  THE  SUN,  NOVEMBER 


LOCAL  TIME 
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FIG.  35.  EXAMPLES  OF  GREAT  CIRCLE  TRANSMISSION  PATHS,  MARKED  ON  WORLD  MAP.  " 


FIG.  36.  EXAMPLES  OF  PATHS  MARKED  ON  WORLD  GREAT  CIRCLE  CHART 
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FIG  37.  EXAMPLES  OF  GREAT  CIRCLE  TRANSMISSION  PATHS 
MARKED  ON  NORTH  POLAR  AREA  GNOMONIC  MAP. 


FIG.  38,  EXAMPLES  OF  PATHS  MARKED  ON  POLAR  GNOMONIC  GREAT  CIRCLE  CHART. 


MUF 
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FIG.  39.  NOMOGRAM  FOR  TRANSFORMING  F2-ZERO-MUF  AND  F2-4000-MUF 
TO  EQUIVALENT  MAXIMUM  USABLE  FREQUENCIES  AT  INTERMEDIATE 
TRANSMISSION  DISTANCES;  CONVERSION  SCALE  FOR  OBTAINING 
OPTIMUM  WORKING  FREQUENCY  (FOT). 
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EXAMPLE  SHOWN  BY  DASHED  LINES: 
DISTANCE  =  500  KILOMETERS 
2000-km  E  MUF  =  20  MC/S 
COMBINED  E-AND  F,— LAYER  MuF  =  8,4  MC/S 


FIG. 40.  NOMOGRAM  FOR  TRANSFORMING  E- LAYER  2000 -MUF  TO  EQUIVALENT  MAXIMUM 
USABLE  FREQUENCIES  AND  OPTIMUM  WORKING  FREQUENCIES  .  THE  F,  LAYER  IS 
APPROXIMATELY  ACCOUNTED  FOR  AT  DISTANCES  BETWEEN  2000  AND  4000  km. 
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Figure  41.  EXAMPLE  I.  SHORT  PATH.  DECEMBER  1958.  DISTANCE  :  750km 
A,,  WASHINGTON  (39°N,  78°W)  TO  B, ,  OTTAWA  (45°N,  76°W) 


Table  4 

Example  1.  Short  Path.  December  1958. 

A]_ ,  Washington  (39°N,  78  °W)  to  B]_ ,  Ottawa  (45 °N,  76°W)  .  Distance  750  km. 
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Figure  42.  EXAMPLE  2.  LONG  PATH.  DECEMBER  1958.  DISTANCE  :7,200km 
A2,  WASHINGTON  (39°N,78°W)  TO  B2j  BERNE  ( 47°  N ,  7  °  E  ) 


Table  5 

Example  2.  Long  Path.  December  1958. 

A  2 > Washington  (39°N,  78°W)  to  B  2,  Berne  (47°N,  7°E)  Distance  7,200  km. 
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Figure  43.  EXAMPLE  3.  LONG  PATH.  DECEMBER  1958.  DISTANCE:  1 1,200km 
A3,  BUENOS  AIRES(35°S,  59°  W)  TO  B3,  BERNE  (47°N,  7  °  E) 


Table  6 

Example  3.  Long  Path.  December  1958. 


A3  ,  Buenos  Aires  (35°S,  59°W)  to  B3 ,  Berne  (47°N,  7°E)  Distance  11,200  km. 
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